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ABSTRACT  
 
The use of Rapid Prototyping technologies for the production of sacrificial sand molds for the foundry industry has been previously 
researched, but with Selective Laser Sintering as the main technology, and with different methods of processing, and materials, as critical 
variables. With the proliferation of 3D printers and the relatively easy and economical production of moulds with special sands supplied 
by Z-Corporation, it is time that direct metal casting through 3D printing is scientifically investigated. Knowledge of the influence of 
various process parameters on the quality of moulds and subsequent castings is essential in effectively employing direct metal casting in 
real-world applications. 
 
This paper presents results of experimental investigations carried out to establish the influences of critical factors, such as curing times 
and temperatures, on mechanical characteristics, such as strength and permeability, of sand moulds produced by 3D printing. Statistically 
designed experiments are employed for the systematic analysis of the individual roles of critical curing parameters, as well as their 
combined effects.     
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1. Introduction 
 
The potential growth of rapid prototyping technologies 
during the past decade has seen enormous changes in many 
traditional manufacturing processes, either in terms of 
being able to employ rapid tooling techniques or attempt 
alternative improvements, leading to rapid manufacture in 
some cases. Casting processes were also influenced either in 
terms of expendable patterns being produced using one of 
the rapid prototyping techniques (Dickens et al., 1995, 
Brian 2002) or direct making of sand and metal moulds 
using processes such as Selective Laser Sintering  (Kruth et 
al., 2003, King and Tansey, 2003, Tang et al. 2003, Casalino 
et al., 2005) or process improvements achieved through 
integration of CAD, Reverse Engineering and RP (Ferreira 
and Alves, 2003, Ferreira, 2004, and Alain et al., 2003)  
 
Replacement of investment cast parts made by traditional 
time consuming methods and integration of the process 
with RP prototypes used as patterns was an obvious 
development, considering the common quality of both 
processes to be able to produce complex parts (Dickens et 
al 1995). Literature presents numerous attempts made in 
this direction, while cost of materials and processing time 
still remain at large. The wide range of materials being 
processed by SLS allowed the application of the technique 
in a variety of other ways, as a probable means of achieving 
rapid casting.  
 
 Selective laser sintering of resin coated quartz sands 
allowed direct production of complex moulds and cores for 
rapid casting (King and Tansey, 2002). Mechanical and 
physical properties of mould samples made by laser 
sintering LASERCORN coated sand were investigated using 
the Taguchi method (Casalino et al. 2004). The compressive 
strength of the SLS moulds was reported to have met the 
values required for steel casting applications.  
   
While most research attention in applying RP to casting 
seemed to have directed towards SLS, 3D printing of 
moulds by the ZCast process of Z Corporation drew little 
attention. In fact, this process is relatively cheap and is very 
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effective in direct printing of complex moulds with a 
proprietary mould material. The process allows extremely 
fast turnaround from a CAD file to a prototype metal part. 
While the technique offers unique solutions to situations 
requiring real metal prototypes as well as one-off parts to 
be readily produced, the essential characteristics of the 
process are still not investigated. In particular, the mould 
characteristics and the quality of castings produced are of 
significant interest for the effective design of moulds in 
typical cases and the efficient application of the process for 
sound castings.  
 
This paper is the result of an ongoing research that is aimed 
at establishing the essential characteristics of both moulds 
and castings produced using the 3D printing technology. 
While the investigation of the casting quality and 
applicability of various coatings and economics of the 
process are still undergoing, this paper presents the results 
of experiments conducted to develop an understanding of 
the influence of the curing parameters on the properties of 
the mould material. The optimum combination of the 
curing time and temperature for the best compressive 
strength and permeability of the mould material could be 
identified based on the mathematical models developed.     
 
2. Materials 
 
The mould material is the proprietary Zcast 501 powder 
developed by Z Corporation for a range of its printers as a 
mould material for casting low temperature materials such 
as aluminium, magnesium and zinc and is basically a 
plaster-ceramic composite. X-ray diffraction analysis 
revealed an almost 50-50 combination of Olivine and 
Calcium Sulfate Hydrate. Fig. 1 presents the results of the 
sieve analysis conducted on the mould material and 
confirms that majority of the material falls within the range 
of 100-200 µm grain size. 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Grain size distribution of the mould material 
 
When used for making moulds on any 3D printer, the 
particles of the powder are in turn bonded together by 
means of the resin binder, ZB56 supplied by Z Corporation. 
The printed moulds suffer from excessive moisture content 
and poor strength in the green state and require 
subsequent baking to remove excess moisture and for dry 
strength. The mechanism of strengthening perhaps is the 
curing of the binder material and subsequent solidification 
to form the substrate for the powder particles to stick 
together. Prolonged heating at low temperatures or use of 
excessive temperatures could result in the burning off of 
the low melting phases. Oven baking at 180 to 230 
0
C and 
for a period of 4 to 8 hours is suggested by Z Corporation, 
primarily as to drive off excessive moisture content. While 
these appear to be quite wide ranges, it is also felt that 
baking with these two parameters varied at different levels 
would have a significant influence on the most essential 
properties of the mould, compressive strength and 
permeability. The experiments discussed in the subsequent 
sections are essentially designed to address these issues.   
 
3. Design of experiments and methodology  
 
There are essentially two factors involved in the current 
experiments: the time (t, Hrs) and the temperature (T, 
0
C) 
of baking of the printed moulds. The critical responses are 
the ultimate tensile strength (σ) and the permeability (p) of 
baked samples. A few other characteristics such as 
refractoriness, cohesiveness and collapsibility could have 
been considered, but are omitted from the current 
investigation 
 
After a preliminary research, statistical design of 
experiments is found to be the best approach to be able to 
scientifically establish the individual and combined effects 
of the two factors on the responses to be measured. A 
second order polynomial in two variables of the form 
shown in Eq. 1 is selected to predict the variation of both 
responses. 
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A rotatable central composite design is chosen (Cochran 
and Cox, 1992, Montgomery, 2001) as this is found to be the 
best approach when only two factors are involved. After 
printing and baking as per the design table, all Specimens 
were kept in a controlled low humid envirnonment in a 
desicator to ensure consistant low humidity of the 
specimens.  This was done to take out the complex 
influence moisture may have on the results and ensure 
results are primarily due to the influences of  varrying time 
and temperature of baking. 
 
Permeability measurements were made at the 
Geomechanics lab of the Civil Engineering Department of 
the University of Auckland. Each specimen was applied 
with a sealant that was allowed to dry for 12-24 hours before 
being placed in the load cell with rubber rings placed on 
the top and bottom steel seats. The pressure from the air 
tank was set at 11 kPa. Once the back pressure was 
stabilised, the flow meter was read various times to get an 
accurate flow reading which is then coupled with 
atmospheric data sourced from NIWA to calculate 
permeability values, using Darcy’s equation.  Fig. 2 presents 
the experimental setup used for permeability 
measurements. 
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  Fig. 2 Permeability test setup 
 
Compression tests were conducted using the Hounsfield 
equipment at AUT University, using samples of both 
diameter and length equal to 50 mm. The low slenderness 
ratio is an influence of the results of research done at 
Arizona State University, and is also expected to avoid non-
linear bending effects. Fig. 3 (a) shows a specimen being 
tested for the compressive strength and Fig. 3(b) shows 
photographs of fractured specimens showing skin, 45 
0
 and 
cone fractures as observed in the case of laser sintered 
specimens (Casalino et al 2004). The experimental trials, 
with the natural and coded values of factors and the 
responses measured are shown in Table1 
 
 
 
 
 
 
 
 
 
(a)  Set-up     (b) Fractured samples 
Fig. 3 The compression test 
 
Table 1 The central composite design for the experiments 
Factors 
Natural 
values 
Coded values 
Responses 
Tria
l 
No T 
(
0
C) 
t 
(Hr
s) 
X1 X2 
Permeabilit
y 
(mD) 
Compres
sive 
Strength 
(MPa) 
1 150 4 -1 -1 1500 0.8525612 
2 250 4 1 -1 1917.13 0.5031843 
3 150 8 -1 1 2304.42 0.9182604 
4 250 8 1 1 1824.62 0.2624401 
5 130 6 -1.414 0 2120.45 0.9870153 
6 270 6 1.414 0 2212.61 0.3845183 
7 200 3.17 0 -1.41 1405.40 1.0345330 
8 200 
8.8
8 
0 1.41 1925.81 0.2860715 
9 200 6 0 0 1721.38 1.0471120 
10 200 6 0 0 2498.65 1.2380980 
11 200 6 0 0 1948.28 
0.888568
4 
12 200 6 0 0 2240.88  
13 200 6 0 0 2174.69  
 
4. Results and discussion 
 
The experimentally measured values of responses are used 
to build the mathematical models for both permeability 
and compressive strength. The following are the final 
models resulting from the linear regression analysis: 
 
( ))2(....24.2225.582700.05.1237814.103.2966 tTtTtTp −−+++−=
  
 
( ))3.........................1082.7667.52132
32.7884.7017527932.3128224.3479968
2
2
Ttt
TtT
−−
−++−=σ
       
 
Where, 
p = Permeability in milli Darcy’s (mD) 
σ = compressive strength in N/m
2 
 
Further statistical analysis based on ANOVA suggested that 
the models are adequate and all the coefficients are 
significant at 99% confidence level. The results predicted 
by the models developed for permeability and compressive 
strength are presented in Figs 4 and 5 and are explained as 
follows: 
 
Permeability 
 
Apart from a few other factors, the permeability of a sand 
sample is primarily influenced by the grain size and the 
amount of binder and its physical state.  In the current 
investigation, the grain size, being the same for all the 
samples, can be discarded from the possible sources 
causing the variation observed in the plots of Figs 4 (a) and 
(b). The binder in this case is the ZB56 resin binder which is 
sprayed onto the powder at the time of printing the 
moulds. Subsequent transformations that take place when 
the binder reacts with the powder during baking would 
control the final properties of the mould material. Most 
probably, the glue might be forming bonds between the 
plaster and sand particles and settling down as a hard 
substrate, holding the loose particles of the other phases 
together, thus giving the necessary dry strength.  
 
 
 
 
 
 
                                           
 
 
 
(a)                                                (b) 
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(c) 
 
Fig. 4 Variation of permeability with baking 
temperature and time 
 
 
In general, the permeability of a sample in the green state 
may be expected to be low due to the binder, together with 
the gypsum plaster blocking the inter-granular cavities. 
With sufficient amount of baking, some of the organic 
substances, including the resin binder might get 
evaporated, thus creating cavities that improve 
permeability. This is the probable reason for the initial 
increase in permeability with increase in temperature or 
time of baking observed in most curves in Fig. 4 (a) and all 
curves in Fig. 4(b). However, a prolonged heating might be 
resulting in the fusing of low melting phases such as plaster 
and blocking the pores, resulting in a reduction in 
permeability, as seen in most cases shown in Fig. 4 (b) 
when baked for more than 6 hours and heated beyond 180 
0
C.  
 
Prolonged heating, beyond 8 hours seemed to have an 
adverse effect on permeability, at any temperature of 
baking, within the range considered for the current 
experiments, as can be seen from the curves corresponding 
to 8 and 8.8 hours in Fig. 4(a). The response surface shown 
Fig. 4(c) gives an indication of the optimum combination of 
curing time and temperature, for the best permeability, 
which becomes vital information while considering the 
process for building critical components. Subsequent 
mathematical analysis of the response surface revealed a 
baking time and temperature of 227 
0
C and 6.2 hours 
respectively, for the best permeability.     
 
Compressive strength 
 
The compressive strength has a direct bearing on the 
strength of bonds between particles in the final baked 
sample. The strength of intermolecular bonds in turn 
depends on the physical state of the binder and its 
interaction with the surrounding particles. In general, with 
baking, the binder material must be getting cured and 
forming a network of substrate material holding the loose 
particles together, and leading to a gradual rise in the 
compressive strength of the sample. This is the trend in all 
the cases shown in both Fig.s 5(a) and (b); a rise in 
compressive strength with increasing time or temperature 
of baking.  
 
 
 
 
 
 
 
 
 
 
 
(a)                                       (b) 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
                             (c) 
Fig. 5 Variation of compressive strength with baking 
temperature and time 
 
However, this strengthening mechanism has a limit, 
perhaps due to the fusing and consequent embrittlement of 
phases such as gypsum plaster, resulting due to prolonged 
heating at a given temperature or rapid heating to elevated 
temperatures. The substantial reduction in the compressive 
strength, observed in all cases of Figs 5 (a) and (b) when 
heated beyond a certain limit of temperature or time is 
probably due to this. Again, the response surface for the 
compressive strength shown in Fig. 5 (c) allows visualising 
the optimum time and temperature of baking for the best 
compressive strength, which is an important design 
consideration. From further analysis, it is found that the 
best compressive strength results when the baking 
temperature and time are 173 
0
C and 5.5 hours respectively.  
 
5. Conclusions 
 
Essential foundry characteristics of mould materials used in 
3D printing are investigated using statistical design of 
experiments. Mathematical models are developed for both 
compressive strength and permeability of the printed 
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mould samples using linear regression. Both properties 
seem to have been influenced by the effective curing of the 
binder and the subsequent fusing of low melting phases as 
temperature or time baking increased. Further 
mathematical processing allowed optimisation of the 
parameters for the best permeability and strength.  
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